Potato tuber mitochondria oxidizing malate respond to NAD' addition with increased oxidation rates, whereas mung bean hypocotyl mitochondria do not. This is traced to a low endogenous content of NAD' in potato mitochondria, which prove to take up added NAD'. This Macrae and Moorhouse (15). The presence of these two enzymes in the matrix space (7) causes pyruvate and oxaloacetate to accumulate in the medium during malate oxidation. The rates and products of malate oxidation by plant mitochondria vary in response to changes in the pH of the incubation medium (16). In addition, the oxidation of malate which is coupled to three sites of ATP formation is stimulated under certain conditions by NAD+ (6, 9, 20) .
1. 1.1.39), discovered in plant mitochondria by Macrae and Moorhouse (15) . The presence of these two enzymes in the matrix space (7) causes pyruvate and oxaloacetate to accumulate in the medium during malate oxidation. The rates and products of malate oxidation by plant mitochondria vary in response to changes in the pH of the incubation medium (16) . In addition, the oxidation of malate which is coupled to three sites of ATP formation is stimulated under certain conditions by NAD+ (6, 9, 20) .
With the aim of further clarifying the mechanisms of malate oxidation in intact plant mitochondria this report details the effect of NAD+ on malate oxidation in potato tuber and mung bean hypocotyl mitochondria. Some of these results have been presented elsewhere (17) .
MATERIALS AND METHODS Preparation of Mitochondria. Mitochondria from potato (Solanum tuberosum L.) tubers and etiolated mung bean (Vigna radiata L.) hypocotyls cut from bean seedlings grown for 5 days in the dark at 26 C and 60%o RH were prepared and purified by methods previously described (10) . All operations were carried out at 0-4 C. Following purification, the mitochondria appeared to be virtually free from extramitochondrial contamination and had a high degree of membrane intactness as judged by electron microscopy and by low activities of the inner membrane and ' Supported in part by a grant from the Centre National de la Recherche Scientifique (ERA 847: Interactions Plastes-cytoplasme-mitochondries). conditions and at pH 6.5 the fraction of total 02 uptake which can be accounted for by accumulated pyruvate is high and the fraction which appears as oxaloacetate is low. However, as the pH increases, the fraction of 02 uptake appearing as oxaloacetate increases very rapidly whereas the fraction of 02 uptake appearing as pyruvate decreases rapidly. Addition of a known amount of NaOH which causes a rapid increase of the pH from 6.5 to 7.5 immediately triggers oxaloacetate formation and stops pyruvate production (Fig. 3) . Conversely, addition of a known amount of HCI which causes a rapid fall of the pH from 7.5 to 6.5 immediately triggers pyruvate formation (see 18) .
Addition of NAD+ to potato mitochondria oxidizing malate considerably enhanced 02 consumption at all of the pH values tested ( Fig. 1) . At pH 6.5 the stimulation by NAD+ of pyruvate production was much higher than that of oxaloacetate whereas at pH 7.5 the stimulation by NAD+ of oxaloacetate production was much higher than that of pyruvate. In marked contrast and at all of the pH values tested the rate of pyruvate and oxaloacetate production by mung bean hypocotyl mitochondria oxidizing malate was not affected by the presence of exogenous NAD+ (Fig. 2) . Effect of Rotenone on Malate Oxidation. In addition to measurements of 02 consumption and products of malate metabolism, pyridine nucleotide fluorescence of mitochondrial suspensions has been used to evaluate rapidly the pyridine nucleotide oxidation reduction state. The addition of malate (15 mM) to potato mitochondria resulted in a prompt reduction of pyridine nucleotides (Fig. 4) . With time the pyridine nucleotides were slowly reoxidized until a new intramitochondrial pyridine nucleotide oxidation reduction state was attained. When this was achieved, the NADH/ NAD+ ratio was much higher at pH 6.5 than that observed at pH 7.5. Addition of rotenone to mitchondria supplemented with malate caused immediate reduction of pyridine nucleotides at all the pH values tested (Fig. 4) purified mung bean hypocotyl mitochondria.
In the presence of rotenone, pyruvate was excreted almost exclusively by plant mitochondria oxidizing malate at pH 7.2 (Fig.  5 ). This is in contrast with mitochondria oxidizing malate in the absence of rotenone (Figs. I and 2 ). Under these conditions it is clear that the NADH produced by the noninhibited malic enzyme is probably diverted from the respiratory chain to reduce the excess of oxaloacetate (see also 18). Again, addition of NAD+ to the medium enhanced the accumulation of pyruvate by potato tuber mitochondria oxidizing malate in the presence of rotenone (Fig. 5A) whereas NAD+ was practically without effect on the rate of pyruvate production during the course of the rotenone-insensitive malate oxidation by mung bean hypocotyl mitochondria (Fig. 5B) .
Levels of Mitochondrial NAD+. All these observations together suggest that the rate of malate oxidation in potato tuber mitochondria contrary to mung bean hypocotyl mitochondria is limited by a lack of endogenous NAD+. It was therefore necessary to measure levels of NAD+ in potato tuber and in mung bean hypocotyl mitochondria. The temperature dependence of NAD+ transport was investigated and is shown in Figure 8 in the form of an Arrhenius plot. The plot was linear above 5 C and the calculated activation energy was 75.6 kJ/mol. We have shown that the accumulation of NAD+ was insensitive to carboxyatractyloside and ADP.
Similar experiments with mung bean hypocotyl mitochondria yielded V values (0.5-0.7 nmol/min.mg protein) which were much lower than those obtained with potato tuber mitochondria.
Consequently, it is very likely that the V value of the carrier might C; E The transport of NAD+ through the inner mitochondrial membrane readily explains the stimulation by exogenous NAD+ of malate oxidation in intact plant mitochondria (17, 18 (6), Brunton and Palmer (4) , and Palmer and Arron (20) have suggested that the NAD+-linked malic enzyme, located presumably in the intermembrane space reduces externally added NAD+ which is reoxidized by a specific NADH dehydrogenase located near the external face of the inner membrane (11) . This NADH dehydrogenase is linked to the respiratory chain and is coupled to two sites of phosphorylation (19) . In contrast, Day and Wiskich (7-9) indicated that malate had to penetrate the inner membrane in order to be oxidized. Consequently (Figs. 1-3 ) was formerly explained in terms of the pH activity profiles of the NAD+-requiring malic enzyme (16) . In fact, although the inner mitochondrial membrane constitutes an insulating barrier for protons, we have recently observed that the lower the pH of the external medium, the lower the pH of the matrix space and vice versa (18) . In addition, we have also observed that, at alkaline pH, NAD+-linked malic enzyme localized in the matrix space is strongly inhibited by the accumulation of bicarbonate (18) .
The fact that exogenous NAD increases the rate of oxaloacetate formation during the course of malate oxidation by potato tuber mitochondria strongly supports the evidence that the regulation in vivo of malate dehydrogenase activity can be readily accounted for by equilibrium effect alone (3, 18) . Thus, in the presence of exogenous NAD+ and under state 3 conditions the mitochondrial NAD+ concentration will be raised (Fig. 4) and the equilibrium of the malate dehydrogenase reaction will move towards oxaloacetate formation, permitting excretion of significant levels of oxaloacetate (18) . This evidence is strengthened by the fact that in the presence of rotenone, an inhibitor of one of the several non-haem iron centers associated with the internal NADH dehydrogenase complex (5), the mitochondrial level of NADH is raised (Fig. 4 and ref. 14) and the equilibrium of the malate dehydrogenase reaction is displaced towards malate formation and only small quantities of oxaloacetate accumulate (Fig. 5) . In fact, whenever the NAD+-linked malic enzyme activity is weakened or blocked due to a build up of bicarbonate in the matrix space (18) the NADH level will drop and the rate of oxaloacetate production will be much higher than that of pyruvate. Conversely, when the activity of the NAD+-linked malic enzyme is high the mitochondrial NADH level will be raised and the rate of oxaloacetate production will be considerably reduced (Figs. 1, 2, 4 , and 5).
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